Recombination is crucial for chromosome pairing and segregation during meiosis. SPATA22, along with its direct binding partner and functional collaborator, MEIOB, is essential for the proper repair of double-strand breaks (DSBs) during meiotic recombination. Here we describe a novel point-mutated allele (shani) of mouse Spata22 that we isolated in a forward genetic screen. shani mutant mice phenocopy Spata22-null and Meiob-null mice: mutant cells appear to form DSBs and initiate meiotic recombination, but are unable to complete DSB repair, leading to meiotic prophase arrest, apoptosis and sterility. shani mutants show precocious loss of DMC1 foci and improper accumulation of BLM-positive recombination foci, reinforcing the requirement of SPATA22-MEIOB for the proper progression of meiotic recombination events. The shani mutation lies within a Spata22 coding exon and molecular characterization shows that it leads to incorrect splicing of the Spata22 mRNA, ultimately resulting in no detectable SPATA22 protein. We propose that the shani mutation alters an exonic splicing enhancer element (ESE) within the Spata22 transcript. The affected DNA nucleotide is conserved in most tetrapods examined, suggesting that the splicing regulation we describe here may be a conserved feature of Spata22 regulation.
Introduction
Gamete formation during sexual reproduction occurs by a specialized cell division program called meiosis, where two rounds of chromosome segregation follow one round of DNA replication; homologous chromosomes segregate in the first round and sister chromatids separate in the second. The meiotic cell division program contains an extended prophase, during which replicated homologous chromosomes pair and recombine. This creates temporary connections called crossovers that are essential to stabilize homologs on the metaphase spindle during segregation (Page and Hawley 2003; Hunter 2015) . Errors in these events can cause gametogenic failure and infertility, or can produce aneuploid gametes that in turn result in miscarriage and developmental defects (Hassold and Hunt 2001; Sasaki et al. 2010) .
Meiotic recombination initiates with the formation of programmed DSBs that are resected to yield single-strand DNA (ssDNA) overhangs. Then, DMC1, the meiosis-specific strandexchange protein, along with its ubiquitously expressed paralog, RAD51, assembles onto ssDNA to form nucleoprotein filaments that conduct homology search and strand invasion. The resulting recombination intermediates are repaired by multiple pathways to ultimately give either non-crossover products or crossovers (Baudat et al. 2013; Hunter 2015) . Recombination intermediates and their repair pathways are closely regulated to guarantee the formation of at least one crossover per homolog pair (Hunter 2015; Zickler and Kleckner 2015) . While we have a broad-strokes picture of the factors involved and their contributions to meiotic recombination, mechanistic detail of their individual molecular functions and their cross-talk is lacking. We also lack clear understanding of how meiosis-specific proteins collaborate with ubiquitous repair proteins to specialize homologous recombination during meiosis. Moreover, it is unclear whether the catalog of relevant vertebrate proteins important for meiotic recombination is complete.
To explore the mechanisms underlying the regulation of meiotic recombination and to identify novel mouse meiotic mutants, we performed a phenotype-based, random chemical mutagenesis screen. Two hits we previously described are rahu, that was defective for a rodent-specific DNA methyltransferase paralog DNMT3C (Jain et al. 2017) , and ketu, which was defective for the conserved RNA helicase YTHDC2 (Jain et al. 2018) . Here, we describe a new mutant that we named shani, for 'Spata22-affected with hypogonadic testes and infertility'. Shani, Ketu and Rahu are harbingers of misfortune in Vedic mythology.
shani is a missense mutation in Spata22, which encodes a protein that is essential for meiotic recombination (La Salle et al. 2012; Ishishita et al. 2013) . The shani mutation is expected to alter an amino acid, but surprisingly it causes exon skipping, eventually leading to lack of detectable SPATA22 protein. SPATA22 and its functional collaborator, MEIOB, form a meiosis-specific complex and they resemble subunits of RPA, the ubiquitous ssDNA-binding complex that regulates ssDNA during replication, repair and recombination (Wold 1997; Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014; Ribeiro et al. 2016; Xu et al. 2017; Ribeiro et al. 2018) . SPATA22-MEIOB colocalize on meiotic chromosomes with RPA subunits and their null mutants accumulate unrepaired DSBs, suggesting that they perform a critical function(s) during meiotic recombination (La Salle et al. 2012; Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014; Hays et al. 2017) . Also, mutations in this complex have been linked to human infertility (Gershoni et al. 2017; Caburet et al. 2019; Gershoni et al. 2019) .
Spata22 shani/shani homozygote mice are both female-and malesterile. We show that Spata22 shani/shani mutant spermatocytes have defective chromosome synapsis and fail to complete DSB repair during meiotic prophase, like Spata22-null mice (Hays et al. 2017) . Our results validate previous findings as well as further our understanding of the meiotic role of SPATA22 in mice. Importantly, we have isolated a novel allele of Spata22 that reveals unexpected post-transcriptional regulation and may provide insight into how gene expression is regulated more generally during meiosis.
Results

Isolation of the novel meiotic mutant shani from a forward genetic screen
To isolate mutants with defects in meiosis, we carried out a phenotype based, random mutagenesis screen in mice (Jain et al. 2017; Jain et al. 2018) . We mutagenized male mice with the alkylating agent N-ethyl-N-nitrosourea (ENU) that predominantly creates single base substitutions. Then we followed a three-generation breeding scheme to recover recessive mutations causing meiotic defects (Caspary 2010; Probst and Justice 2010; Jain et al. 2017; Jain et al. 2018) (Fig. 1a) .
We screened third-generation (G3) male offspring for meiotic defects by measuring testes weights. In adult wild-type mice, normal spermatogenesis results in testes populated with spermatogenic cell types spanning all stages of spermatocyte development. Mice with meiotic defects, such as failure to initiate or complete meiotic recombination, display spermatogenic arrest with apoptotic elimination of spermatocytes, resulting in a reduction in testes size or hypogonadism (de Rooij and de Boer 2003) . To control for low testes weight due to poor growth and reduction in overall body size, we also measured the body weight and analyzed data as testes-to-body-weight ratios.
In an F1 founder line we named shani, four of the G3 males screened (Fig. 1b) showed a 69.6% reduction in testes-to-body-weight ratio compared to littermates (mean ratios were 0.21% for shani mutants and 0.69% for wild-type and heterozygous animals; p<0.01, one-sided t-test; Fig. 1c ).
shani maps to a missense mutation in the Spata22 gene
To identify the causative mutation, we generated additional mutant animals and performed whole-exome sequencing of DNA from five G3 shani mutants. Then we searched for homozygous variants that were shared between all five mutants ( Fig. 2a) . This revealed three unannotated DNA sequence variants ( Fig. 2a) . Two variants were located within introns lacking sequencing read coverage in ENCODE long RNA-sequencing data from adult wild-type testis, making these unlikely phenotype-causing mutations. The third was an exonic variant located in the predicted Spata22 coding sequence and was spanned by testis transcripts (Fig. 2a, b) .
The Spata22 variant is an A to G nucleotide transition at position Chr11:73336037, resulting in a missense mutation (glutamic acid to glycine) in exon 4 ( Fig. 2b, c) . Spata22 RNA is expressed predominantly in the adult testis ( Fig. 2d) and Spata22-null mice display meiotic defects with hypogonadism (Hays et al. 2017) . This led us to surmise that this ENU-induced point mutation disrupts Spata22 function and is the cause of the shani mutant phenotype.
To characterize the shani mutation, we examined conservation of Spata22. The mouse Spata22 transcript encodes a protein of 358 amino acids and 40.17 kDa (presented schematically in Fig. 2e ). Searches in protein databases revealed that placental mammals possess a similar SPATA22 protein: 358 to 364 amino acids in length with two well-conserved domains, a short motif located near the Nterminus and a longer region located near the C-terminus (yellow boxes in Fig. 2e ). These domains were present in SPATA22 homologs from all vertebrates examined and were separated by a less conserved region of ~190 amino acids. Using these domains to search, SPATA22 homologs were retrieved in invertebrates such as echinoderms, cnidarians and molluscs ( Fig. 2e, Table S1 ). In several distant animals, e.g. arthropods (Arthropoda) and sponges (Porifera), a likely homolog restricted to the C-terminal domain could be retrieved but with substantial divergence from other homologs ( Table S1 ). The conserved C-terminal domain corresponds to the region in mouse that is required for interaction with MEIOB, the functional collaborator and direct binding partner of SPATA22 (Xu et al. 2017; Ribeiro et al. 2018 ), suggesting that the SPATA22-MEIOB interaction is likely a conserved property of SPATA22.
The shani mutation lies outside of the two widely conserved SPATA22 protein domains ( Fig. 2e) . The mutation-containing region is poorly conserved in vertebrates ( Fig. 2e) , but shows higher conservation among tetrapods, particularly within mammals ( Fig. 2f) .
We observed that this region is also well conserved at the nucleotide sequence level (Fig. 2f) . Moreover, the mutated adenine is invariant in most mammalian genomes examined (except in rat), as well as in sauropsids and amphibians ( Fig. 2f ).
Spata22 shani/shani mutants are sterile due to gametogenic failure
Spata22-null animals display a meiotic recombination defect, leading to meiotic prophase arrest and infertility (Hays et al. 2017 ), so we evaluated these phenotypes in mice carrying the Spata22 shani allele. Heterozygotes had normal fertility and transmitted the shani mutation in a Mendelian ratio (21.4% Spata22 +/+ , 49.7% Spata22 shani/+ and 28.7% Spata22 shani/shani from heterozygote × heterozygote crosses; n = 219 mice; p=0.31, Chi-squared test). Spata22 shani/shani animals did not display obvious somatic defects. However, homozygous mutant males and females were sterile: none of the three Spata22 shani/shani males tested sired progeny when bred with wild-type females for 13-17 weeks and no pregnancies were observed from crosses of three homozygous mutant females to wild-type males (bred for 17 weeks).
In histological sections of adult testes, seminiferous tubules from control animals had the full array of spermatogenic cells, including spermatocytes and spermatids, as expected ( Fig. 3a) . In contrast, tubules from Spata22 shani/shani were greatly reduced in diameter and contained only early spermatogenic cells, with no post-meiotic germ cells visible ( Fig. 3a) . Mutants contained abnormal tubule types: some tubules ('Em' in Fig. 3a ) had only a single layer of Sertoli cells and presumptive spermatogonia along the tubule perimeter; and some also had spermatogenic cells that appeared apoptotic ('Apo' in Fig. 3a) . Increased apoptosis was confirmed by elevated TUNEL staining in mutants (Fig. 3b, c) . These patterns are consistent with spermatocyte arrest and apoptosis during pachytene stage of meiotic prophase, occurring possibly at stage IV of the seminiferous epithelial cycle, which is typical of mutants with meiotic recombination defects (for example Dmc1 -/- (Barchi et al. 2005) ) and is also observed in Spata22null males (Hays et al. 2017) .
Defects in meiotic recombination in females cause elevated oocyte loss (Hunter 2017) and Spata22-null adult females have shrunken ovaries lacking oocytes (Hays et al. 2017) . Meiotic recombination in females initiates during fetal development and arrests soon after birth, at which time oocytes mature into follicles that further develop during the reproductive life of the female (Peters 1969; Hunter 2017) . As expected, adult wild-type ovaries had abundant developing follicles. In contrast, ovaries from adult Spata22 shani/shani females were dramatically smaller compared to wild-type littermates, and no developing follicles were visible ( Fig. 3d, e ), like in Spata22-null and consistent with the observed infertility.
Spata22 shani/shani spermatocytes are defective in meiotic DSB repair and chromosome synapsis
Our initial findings showed that Spata22 shani/shani have spermatocyte arrest, apoptosis and infertility phenotypes similar to that observed in Spata22-null animals (Hays et al. 2017) . We next examined meiotic recombination events, specifically DSB formation, repair and chromosome synapsis. We immunostained chromosome spreads of spermatocytes for SYCP3, a component of the chromosome axes (Lammers et al. 1994; Zickler and Kleckner 2015) , and for γH2AX, a phosphorylated form of histone variant H2AX that is generated in response to DSBs (Mahadevaiah et al. 2001) (Fig. 4a) . In normal meiosis, sister chromatids begin to form a SYCP3-containing protein axis from which chromatin loops emanate during the leptotene stage of meiotic prophase. During the zygotene stage, axes elongate and homologous chromosome axes begin to align and form stretches of the synaptonemal complex (SC), a tripartite structure comprising the homologous axial elements and the central region connecting them. The SC elongates and connects homologous chromosomes along their lengths in the pachytene stage. The SC disassembles during the diplotene stage ( Fig. 4a) . DSB formation occurs primarily during leptonema and zygonema, yielding nucleus-wide γH2AX staining. The γH2AX staining disappears progressively as recombination proceeds and is largely gone from autosomes during pachynema. γH2AX is also present on the X and Y chromosomes in the sex body during pachynema and diplonema ( Fig. 4a) .
Spata22 shani/shani spermatocytes with SYCP3 staining patterns indicative of leptonema and mid zygonema had pan-nuclear γH2AX staining, which is consistent with these cells having initiated meiotic recombination via formation of DSBs (Fig. 4a) . Spata22 shani/shani spermatocytes with SYCP3 staining patterns indicative of later stages appeared abnormal, however. Cells with staining showing elongated axes that have begun to align (late zygonema-like) were abundant and retained pan-nuclear γH2AX staining ( Fig. 4a ). There were also rare cells where few homologous chromosomes appeared to be connected along their entire lengths (pachynema-like) ( Fig. 4a) .
We also tracked synapsis by co-immunostaining for SYCP3 and SYCP1, a SC central region protein (de Vries et al. 2005; Zickler and Kleckner 2015) . In wild type, SYCP1 staining appears during zygonema as cells begin to build the SC, it marks autosomes along their lengths during pachynema when the SC connects homologous chromosomes and is largely absent from the autosomes in diplonema when the SC is disassembled (Fig. 4b) . In Spata22 shani/shani littermates, leptonema and mid zygonema appeared normal. But later-stage spermatocytes (late zygonema-like and pachynema-like) had SYCP1 patterns indicative of synapsis defects: numerous Spata22 shani/shani spermatocytes possessed a mix of partially synapsed, fully synapsed and asynaptic chromosomes, along with chromosome tangles (i.e., a mix of synapsed and unsynapsed axes with partner switches indicative of nonhomologous synapsis; Fig. 4b ). These patterns are typical of recombination-and synapsis-defective mutants such as Dmc1 -/- (Pittman et al. 1998; Yoshida et al. 1998) , and are comparable to that observed in Spata22-null spermatocytes (Hays et al. 2017) . We conclude that Spata22 shani/shani spermatocytes have a defect in meiotic DSB repair and chromosome synapsis, leading to meiotic prophase arrest and apoptosis. This culminates in the absence of postmeiotic cells, hypogonadism and sterility.
Recombination dynamics in Spata22 shani/shani mutants
To evaluate the molecular characteristics of the Spata22 shani/shani cells with a meiotic recombination defect, we examined behaviors of recombination proteins by immunostaining spread spermatocyte chromosomes. SYCP3 staining patterns were used to define meiotic prophase stages and only recombination protein foci overlapping with SYCP3-positive axes were counted. We first analyzed DMC1 strand-exchange protein that assembles on ssDNA formed at DSBs and is required for homology search and strand invasion during meiotic recombination (Brown and Bishop 2014) . In normal meiosis, DMC1 foci appear in leptonema, accumulate to maximal levels in early to mid zygonema, then decline as DSB repair proceeds through pachynema ( Fig. 5a, b) . In Spata22 shani/shani , DMC1 foci accumulate during early stages but prematurely decline in mid zygonema and are severely reduced in late zygonema compared to wild type ( Fig. 5a, b ; mean foci count of mid zygonema and late zygonema-like Spata22 shani/shani = 96 and 27, respectively; mean foci count of mid zygonema and late zygonema wild type = 154 and 101, respectively). These findings are consistent with previous observations of DMC1 behavior in Spata22-mutant rats as well as in mice lacking MEIOB, the functional collaborator and direct binding partner of SPATA22 (Souquet et al. 2013; Ishishita et al. 2014) . Spata22 shani/shani DMC1 foci counts in late leptonema and early zygonema, although not statistically significant, were lower compared to wild type ( Fig. 5b) , suggesting that DMC1 accumulation may also be modestly affected at these stages.
We also examined RPA2, which is a subunit of the ubiquitous, trimeric ssDNA-binding complex RPA (Wold 1997) . RPA is present on ssDNA-containing intermediates during DSB metabolism. In wild type, RPA2 foci form during leptonema, increase in early and mid zygonema, and then decrease as DSB repair progresses in late zygonema and early pachynema ( Fig. 5c, d) . Spata22 shani/shani cells accumulate RPA2 foci during early stages and arrest during zygonema with RPA2 foci present ( Fig. 5c, d) . This is as observed in Spata22mutant rats and Meiob -/mice (Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014 ), suggesting that arrested cells likely possess ssDNA-containing intermediates. We observed that RPA2 foci counts in mid zygonema and late zygonema were reduced compared to wild type ( Fig. 5d ; mean foci count of mid zygonema and late zygonemalike Spata22 shani/shani = 198 and 134, respectively; mean foci count of mid zygonema and late zygonema wild type = 242 and 205, respectively), likely due to defects in recombination intermediate processing during these stages.
We further investigated localization of the RecQ helicase family protein, Bloom's syndrome mutated (BLM). BLM and its orthologs process multiple types of recombination intermediates (Singh et al. 2009; De Muyt et al. 2012) . BLM has been previously reported to form discrete foci on chromosome axes during wild-type meiosis (Moens et al. 2000; Holloway et al. 2010) and to accumulate in recombination-deficient mutants (Holloway et al. 2008; Holloway et al. 2010) . In our hands, BLM was barely detectable in most wild-type spermatocytes, with few cells forming clear axis-associated foci that met our immunofluorescence cutoff ( Fig. 5e, f) . In contrast to wild type, Spata22 shani/shani had bright and numerous BLM foci on chromosome axes (Fig. 5e, f) . RPA has been shown to stimulate BLM activity in vitro and to colocalize with BLM during meiosis (Walpita et al. 1999; Brosh et al. 2000) , therefore we asked if the BLM foci we see in mutants colocalized with RPA. Most BLM foci also had an RPA2 focus present ( Fig. 5g) . BLM foci were first detected in early zygonema and levels continued to rise as cells progressed to mid zygonema and late zygonema-like stages (mean foci count of late zygonema-like Spata22 shani/shani = 55). Our results suggest that in Spata22 shani/shani , either there is increased BLM recruitment (for example, an increase in the presence or accessibility of BLM targets) or that BLM is abnormally retained. Taken together, our results indicate a failure to repair DSBs appropriately and/or the presence of aberrant DNA structures in Spata22 shani/shani .
SPATA22 protein is not detected in Spata22 shani/shani testes
During normal meiosis, SPATA22 appears on chromosome axes as foci that match DSB dynamics: SPATA22 foci are first detectable during late leptonema, focus numbers increase progressively through zygonema, then decrease through pachynema and are no longer detected during diplonema ( Fig. 6a, b) (Ishishita et al. 2014; Hays et al. 2017) . SPATA22 patterns are similar to those for MEIOB, as expected for members of a protein complex (Luo et al. 2013; Souquet et al. 2013) .
Since the meiotic recombination defect and spermatocyte arrest in Spata22 shani/shani phenocopied a null mutation, we asked whether SPATA22 protein was properly localized. In testis sections, SPATA22 staining was prominent in SYCP3-positive spermatocytes in wild type, but little to no staining was observed in Spata22 shani/shani littermates (Fig. 6c) . On spread spermatocyte chromosomes, whereas SPATA22 foci were visible along axes in wild type, similarly staged cells from Spata22 shani/shani littermates showed only weak background staining that did not overlap with axes ( Fig. 6d, left panels) .
To discern whether the lack of staining in Spata22 shani/shani spermatocytes was due to protein mis-localization or lack of protein, we performed western blot analysis on whole testis lysates. Because mutants undergo spermatocyte arrest, we examined juvenile mice aged 16 dpp. At this age spermatocytes in meiotic prophase are abundant (Bellve et al. 1977) , however we expected that programmed cell death had not yet significantly altered the relative sizes of germ cell subpopulations. While SPATA22 could be detected in wild type at the expected size, no bands were detected in the mutant using a polyclonal antibody (Fig. 6e) . Thus it is likely that the shani mutation leads to lack of protein production or to protein destabilization.
Absence of SPATA22 strongly impairs the stability of its partner, MEIOB (Luo et al. 2013; Hays et al. 2017) . Consequently, MEIOB is not detected on chromosome axes in spermatocytes from SPATA22-null mice (Luo et al. 2013; Hays et al. 2017) . Similarly, we could not detect MEIOB on chromosome axes in Spata22 shani/shani spermatocytes (Fig. 6d, right panels) . We conclude that the meiotic recombination defect in Spata22 shani/shani spermatocytes is a consequence of decreased SPATA22 protein levels and decreased SPATA22-MEIOB complex on chromosome axes.
The shani mutation leads to defective Spata22 splicing and RNA instability
To determine how the shani mutation leads to decreased SPATA22 protein levels, we examined Spata22 mRNA by reverse transcription-PCR (RT-PCR) using primers directed to the 5' and 3' UTRs (primer set X; Fig. 7a, b) . Spata22 +/+ , Meiob +/+ and Meiob +/adult testes yielded a 1239-bp band, consistent with the predicted length of wild-type Spata22 mRNA. PCR products from Spata22 shani/shani testes were shorter, however ( Fig. 7b) .
We next assessed mRNA levels by quantitative RT-PCR using three primer sets spanning segments of Spata22 (primer sets A, B, C; Fig. 7a ). We examined animals at 12 dpp when Spata22-expressing early meiotic cells are abundant (Bellve et al. 1977 ) and spermatogenic arrest is not expected to have greatly affected the relative population sizes of germ cell subtypes. We also examined 12 dpp-old Spo11 -/mice that lack DSB formation and show a similar arrest as Spata22 shani/shani (Baudat et al. 2000; Romanienko and Camerini-Otero 2000) .
Spata22 mRNA regions A and C had reduced amplification in 12 dpp-old Spata22 shani/shani (relative quantities were 0.31 and 0.42, respectively; Fig. 7c ) while control meiotic transcripts were normal (Dmc1, Sycp3, Meiob and Vasa; Fig. 7c ), suggesting that Spata22 mRNA level is decreased in Spata22 shani/shani . All transcripts assayed were normal in 12 dpp-old Spo11 -/mice, confirming that the reduced amplification of Spata22 mRNA is not due to spermatogenic arrest. Intriguingly, Spata22 mRNA region B did not yield an amplification product in 12 dpp-old Spata22 shani/shani (Fig. 7c) .
We performed Sanger sequencing on the wild-type Spata22 cDNA and shorter variant produced in Spata22 shani/shani (Fig. 7b) . cDNA sequence from wild type was as expected but cDNA from mutant testes completely lacked exon 4, with exon 3 and exon 5 spliced together to create a new exon-exon junction (Fig. 7d) . This is consistent with the lack of amplification of region B (exon 3-exon 4 junction; Fig. 7a, c) . Together these results suggest that the shani mutation leads to expression of a less stable and shorter variant of Spata22 mRNA that lacks exon 4.
Loss of exon 4 predicts a frameshift, resulting in a stop codon within exon 5 and the formation of a truncated protein of 99 amino acids and ~11 kDa, with the N-terminal 57 amino acids of wild type sequence (black in Fig. 7e ) and the remaining amino acids of alternative sequence (fuschia in Fig. 7e ). We were unable to detect a truncated SPATA22 protein by western blot or immunolocalisation in Spata22 shani/shani , but we do not know whether our SPATA22 antibody would recognize the predicted truncation.
The shani mutation on exon 4, if translated, is predicted to lead to a glutamic acid to glycine substitution. We wondered whether the shani mutation would compromise protein stability if exon 4 were to be retained on the Spata22 transcript. To test this, we transfected human cells with either a plasmid expressing wild-type Spata22 cDNA, or a plasmid expressing Spata22 cDNA that harbors the shani mutation, or an empty plasmid as a control. Western blot analysis of SPATA22 showed a ~40 kDa band in wild type, as expected (Fig. 7f) . Cells expressing Spata22 cDNA with the shani mutation also had a ~40 kDa band which was similar in intensity to that in wild type (Fig. 7f) , indicating that the shani mutation, when present on a transcript that does not need to be spliced, does not affect production or stability of the SPATA22 protein.
Discussion
This study describes a novel point-mutated allele of the meiotic recombination gene Spata22 using a phenotype-based forwardgenetics screen. Spata22 shani/shani mutant spermatocytes appear to initiate DSB formation normally during meiotic prophase, but show defects in DSB repair and synapsis, leading to spermatocyte arrest, apoptosis, shrunken gonads and infertility. We performed molecular characterization of the shani mutation and show that it leads to defective splicing of the Spata22 RNA, ultimately resulting in loss of detectable SPATA22 protein. Consistent with this, Spata22 shani and Spata22-null alleles have similar meiotic phenotypes (Hays et al. 2017) . Our work illustrates the power of forward-genetic approaches in exploring the regulation of mammalian meiosis. Moreover, we describe a unique screen design and demonstrate its feasibility: we exploited a hallmark of meiotic recombination defects, hypogonadism, to design an efficient and simple readout based on testes weights. Also, we utilized a new mutation identification strategy that leverages recent genomic advances.
We show that SPATA22 has two well-conserved domains: an N-terminal segment and a longer region located near the C-terminus. Similar findings have been previously reported, although the precise boundary of the conserved C-terminal domain differs (La Salle et al. 2012) . The N-terminus of SPATA22 has no predicted structure or known function. The conserved C-terminal region we describe here (228-341 amino acids) closely matches its predicted OB foldcontaining domain (277-356 amino acids), which is essential for its interaction with MEIOB (Xu et al. 2017; Ribeiro et al. 2018) . Like SPATA22, MEIOB is predicted to have OB fold-containing domains (Luo et al. 2013; Souquet et al. 2013; Ribeiro et al. 2016 ) and domain architectures of both proteins resemble those of RPA subunits (Luo et al. 2013; Ribeiro et al. 2016; Ribeiro et al. 2018) . Also, both proteins interact and colocalize with RPA subunits (Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014; Xu et al. 2017; Ribeiro et al. 2018 ). These findings lead to the hypothesis that the SPATA22-MEIOB complex collaborates with RPA to regulate meiotic recombination. The precise stoichiometry of the complex and whether it includes RPA subunits or other proteins remains unclear, however. The biochemical role of the SPATA22-MEIOB complex is also unknown. A truncated form of MEIOB has been reported to have exonuclease activity in vitro (Luo et al. 2013 ) and recent studies show that SPATA22-MEIOB can organize RPA-coated ssDNA in vitro (Ribeiro et al. 2018) . How these activities relate to its meiotic recombination function in vivo is unclear.
We show that the initial formation of DMC1 foci appears unaffected in Spata22 shani/shani and these foci decrease in number as prophase progresses in mice lacking SPATA22; this was also shown previously for DMC1 and RAD51 in mice lacking MEIOB and for RAD51 in rats lacking SPATA22 (La Salle et al. 2012; Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014) . We found that in the absence of SPATA22-MEIOB, DMC1 foci numbers decrease faster than in wild type (this manuscript and (Souquet et al. 2013) ). This was also observed for RAD51 in mice lacking MEIOB and rats lacking SPATA22 (Souquet et al. 2013; Ishishita et al. 2014) . One study did not report an earlier loss of strand-exchange proteins (Luo et al. 2013 ), but they analyzed juvenile mice where recombination foci dynamics have been reported to differ (Zelazowski et al. 2017) . We found that RPA2 foci number also decrease earlier than in wild type. Since RPA is thought to decorate multiple recombination intermediates, one possibility is that there is a defect in the formation or stability of a subpopulation of RPA foci. The reduction in RPA2 foci number was not described previously in Spata22 or Meiob mutants (Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014) ; differences in strain background may explain this discrepancy. The disappearance of DMC1 and RPA during wild-type meiosis is an indicator of repair progression, thus a simple interpretation of our data is that some repair processes may occur faster or earlier in mutants, at least at some sites.
We found that while RPA2 foci number decrease over the course of meiotic prophase progression in Spata22 mutants, cells arrest with RPA2 foci present, similar to MEIOB mutants and SPATA22mutant rats (Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014 ). The identity of these RPA foci is unknown and may represent a combination of different wild-type and mutant states. Mutants also show persistent γH2AX staining (La Salle et al. 2012; Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014; Hays et al. 2017 ). These results indicate that not all sites are properly repaired, if any. It is possible that strand invasion occurs and DMC1 is lost, but that one or more subsequent steps such as D-loop stability or DNA synthesis or second end capture are misregulated. It is also possible that strandexchange proteins are destabilized or that their ssDNA substrates are reduced, modified or become less accessible. All these scenarios may lead to the presence of structures that would be recognized by BLM and could explain the dramatic BLM accumulation we see in mutants. BLM plays multiple roles to eventually prevent formation of potentially toxic structures: BLM disrupts RAD51 nucleoprotein filaments or D-loops, stimulates primer extension and promotes Holliday junction dissolution (Wu et al. 2001; Bugreev et al. 2007 ). Regardless of the underlying role of BLM in mutants, its accumulation reinforces the requirement of SPATA22-MEIOB in proper processing of recombination intermediates.
Recently, SPATA22 has been shown to immunoprecipitate in testis extracts with MEILB2/HSF2BP (Zhang et al. 2019 ). MEILB2 interacts with BRCA2, which promotes RAD51/DMC1 nucleoprotein filament formation, and Meilb2 -/meiotic cells fail to form RAD51/DMC1 foci (Brandsma et al. 2019; Zhang et al. 2019) . The authors propose that SPATA22-MEIOB may be involved in MEILB2 and BRCA2 recruitment to DNA, which would then facilitate RAD51/DMC1 loading (Zhang et al. 2019) . This model predicts that RAD51/DMC1 would not accumulate in SPATA22-MEIOB mutants. We observe only a modest reduction in DMC1 foci numbers during leptonema and early zygonema, but we do not know whether the DMC1 foci we detect at any of these stages are properly organized, stable or functional. Our results support the idea that RAD51/DMC1 filament assembly, stability and disassembly involves a complex regulatory network with cross-talk between multiple factors. The molecular determinants of these interactions remain to be elucidated.
We performed molecular characterization of the shani lesion and uncovered surprising regulation of Spata22 gene expression. The shani mutation alters nucleotide sequences within exon 4 that are crucial for accurate splicing of Spata22. The splicing regulation we document here has been reported in mammalian genes, where long introns and weakly defined exon-intron boundaries are supported by both exonic and intronic cis-acting elements that either stimulate or repress splicing. One prevalent exonic element, called ESE, serves as a binding site for splicing factors called serine/arginine-rich (SR) proteins to promote exon definition (Blencowe 2000; Cartegni et al. 2002) . There are several instances where disease-causing mutations that result in alternative splicing have been proposed to affect ESEs and mutations that abrogate an ESE often cause exon-skipping (Blencowe 2000; Cartegni et al. 2002) , akin to that observed in shani mutants. We propose that the shani mutation possibly alters an ESE element within exon 4 in the Spata22 transcript, leading to skipping of exon 4 by the spliceosome, making this, to our knowledge, the first description of an ESE element in a murine meiotic gene. While ESE elements lack a well-defined consensus sequence, combinatorial in vivo and in vitro approaches have led to the identification of 6-to 8-nucleotide long ESE sequence motifs and been used to develop computational ESEprediction tools (Blencowe 2000; Cartegni et al. 2002) . Indeed, the CCAGAGG and CAGAGGT overlapping sequences encompassing the affected adenine in shani mutants are recognized as putative ESE motifs by the ESEfinder ESE-prediction web tool (Cartegni et al. 2003) .
While the amino acid affected by the shani mutation lies outside of the well-conserved SPATA22 protein domains, the affected DNA nucleotide (adenine) appears to be conserved in most tetrapods examined, as is the entirety of exon 4. This indicates that the splicing regulation we describe above may not be restricted to mouse, but rather may be a conserved feature of Spata22 gene expression regulation. Similar regulation may be important for controlling other meiotic genes, especially given the extensive gene expression modulations that occur during meiosis and germ cell development. Our findings highlight how coding single-nucleotide polymorphisms can deregulate/alter splicing events and lead to phenotypic variability or gene inactivation during development. Moreover, our isolation and characterization of the shani allele of Spata22 demonstrates the power of forward genetic approaches in uncovering unexpected gene regulation in mammals.
Materials and Methods
Generation of shani mutants
Details of the mutagenesis and breeding for screening purposes are described elsewhere (Jain et al. 2017) and were similar to previously described methods (Caspary 2010; Probst and Justice 2010) . We screened G3 males for meiotic defects at ≥35 dpp, focusing on meiotic recombination. By this age the testes weight reduction was deemed to be clearly discernable for known meiotic recombination mutants (Yoshida et al. 1998 ). Thus G3 mutants displaying arrest and spermatocyte elimination similar to that seen in typical meiotic recombination mutants were expected to be identifiable. Testes pairs were dissected, weighed along with the body, frozen in liquid nitrogen and stored at −80°C until samples from ~24 or more G3 males had been collected. Then testes-to-body-weight ratios were evaluated side-by-side for all animals from any given line.
Mice with an obvious reduction in testes-to-body-weight ratio compared to littermates were subjected to secondary screening by histological examination. One frozen testis from potential mutant mice, along with one frozen testis from a wild-type littermate were used for histology and the second testis was reserved for DNA extraction. Immunohistochemical TUNEL assay was performed and seminiferous tubules were evaluated for the presence of TUNEL staining, depletion of seminiferous tubules and absence of spermatids.
Genotyping of shani animals was done by PCR amplification using shani F1 and shani R primers, followed by Sanger sequencing using shani F2 primer (oligonucleotide primer sequences are provided in Table S2 ) or by digestion of the amplified product with MnlI (NEB) or BstNI (NEB). The shani mutation eliminates an MnlI restriction site that is present in the wild-type sequence and creates a novel BstNI restriction site.
shani mutation identification and exome sequencing
Genome assembly coordinates are from GRCm38/mm10. We performed whole-exome sequencing on five G3 shani mutants (a′′ in Fig. 1b ; c′, c′′ from a fourth F1xG2 harem-breeding cage that was set up after the initial screen cross; d and e from a fifth and sixth harem-breeding cage set up after the initial screen cross). Genomic DNA was extracted from testes or tail biopsies as described (Jain et al. 2017 ) and whole-exome sequencing was performed at the MSKCC Integrated Genomics Operation as described (Jain et al. 2018) to generate approximately 80 million 100 bp paired-end reads. Read alignment, variant calling and variant annotation were done as described (Jain et al. 2017) .
We expected that lines generated from distinct mutagenized males and mutant lines with distinct phenotypes would likely not share phenotype-causing variants. Thus variants called from distinct mutant lines sequenced in parallel with the shani mutant line were filtered out to identify variants that are private to the shani line (i.e., found in shani mutant mice but not in mice of other mutant lines). If the shani mutant phenotype was caused by a single autosomal recessive mutation, shani mutant mice were expected to be homozygous for the phenotype-causing mutation and share this mutation. Thus variants were further filtered to only include those that were called as homozygous, had a minimum sequencing depth of five reads, and were not known between-strain SNPs. Next we searched for variants that were shared between all five G3 shani mutant mice. This yielded three single nucleotide substitutions at the following positions: Chr11:73187728 in intron of Ctns (A to G substitution), Chr11:73336037 in exon of Spata22 (A to G substitution) and Chr11:76138184 in intron of Vps53 (A to T substitution).
ENCODE data analysis
ENCODE long-RNA sequencing data (release 3) for Ensembl Transcript ID: ENSMUST00000092926 with the following GEO accession numbers were used in Fig. 2d : testis GSM900193, liver GSM900195, mammary gland GSM900184, large intestine GSM900189, cerebellum GSM1000567, frontal lobe GSM1000562, cortex GSM1000563, kidney GSM900194, thymus GSM900192, heart GSM900199, colon GSM900198, spleen GSM900197, adrenal gland GSM900188, duodenum GSM900187, lung GSM900196, ovary GSM900183, small intestine GSM900186, stomach GSM900185.
Phylogenetic analysis
SPATA22 protein sequences were obtained from NCBI or Ensembl. Two conserved domains were identified in ten placental mammals using Multalin (Corpet 1988) . Sequences of these two domains were used to search for homologous sequences in other species with tBlastn tool (NCBI) and the following databases: Whole Genome Shotgun contigs (WGS), Transcriptome Shotgun Assembly (TSA) and Sequence Read Archive (SRA). Protein sequences obtained were aligned with Clustal Omega (Sievers et al. 2011; Madeira et al. 2019 ) and edited with Jalview 2.10.5 (Waterhouse et al. 2009 ). Then conserved domain boundaries were refined as follows: succession of 10 amino acids in which at least half of them possess 40% identity among all listed species. For graphical representation ( Fig. 2e) , consensus sequences were defined for closely related species (10 placentals, 6 marsupials, 4 turtles, 4 snakes, 5 birds, 5 frogs, 4 crocodiles, 12 fishes, 5 echinoderms, 6 cnidarians, 15 molluscs) using Multalin, realigned with Clustal Omega and edited with Jalview. Names of species and corresponding sequence IDs are provided in Table S1 .
Spata22 nucleotide sequences were obtained from Ensembl or NCBI. Nucleotide sequence of mouse Spata22 exon 4 was used to search for homologous sequences with BLASTn tool in Ensembl. Retrieved sequences were aligned with Clustal Omega and edited with Jalview (Fig. 2f) . Sequences presented correspond to a complete exon and have the following Ensembl exon ID or NCBI gene ID: mouse (ENSMUSE00001408004), rat (ENSRNOE00000381274), human (ENSE00003580316), cow (ENSBTAE00000171295), platypus (ENSOANE00000227841), elephant (ENSLAFE00000151975), tiger (ENSPTIE00000161305), opposum (ENSMODE00000294904), turtle (ENSPSIE00000164161), flycatcher (ENSFALE00000067395) and xenopus (100485180).
Histology
For secondary screening, frozen testes were embedded in optimal cutting temperature compound (Tissue-Tek, Sakura Finetek, VWR) and sectioned (5 µm) at −20°C. Sections were placed on slides and slides were fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature. Slides were subsequently rinsed in water and stored for up to one week at 4°C prior to staining.
For analyses of Spata22 mutants, testes and ovaries were fixed overnight in 4% PFA at 4°C, followed by two 5 min washes in water at room temperature and transferred to 70% ethanol. Alternatively, testes were fixed in Bouin's fixative overnight at room temperature, washed in water for 1 hr at room temperature, followed by two 1 hr washes in 70% ethanol at room temperature. Fixed tissues were stored in 70% ethanol at 4°C for up to one week prior to embedding, embedded in paraffin, and sectioned (5 µm).
Periodic acid-Schiff (PAS) staining and immunohistochemical TUNEL assay were performed by the MSKCC Molecular Cytology Core Facility. PAS staining was done with hematoxylin counterstain using the Autostainer XL automated stainer (Leica Microsystems). TUNEL assay was performed using the Discovery XT processor (Ventana Medical Systems) as previously described (Jain et al. 2017) . For immunofluorescent staining, slides were deparaffinized with Xylene, rehydrated with serial washes in 100-70% ethanol and rinsed with water. Antigen retrieval was performed by incubating slides for 10 min at 95-100°C in 10mM sodium citrate with 0.05% Tween-20 pH 6. Slides were stored at room temperature until staining.
Chromosome spreads
Spermatocyte spreads were prepared using established methods (Peters et al. 1997; Moens et al. 2000) . Briefly, spermatocytes were homogenized in 0.1 M sucrose, then surface spread onto glass slides covered with 1% PFA containing either 0.1% Triton X-100 or 0.25% NP40. Slides were incubated for 2 hr in a humid chamber, gently air-dried and rinsed with 0.4% Photo-Flo (Kodak). Slides were subsequently air-dried and stored at −20°C.
Immunofluorescence
Chromosomes spreads or testis sections were incubated in blocking buffer (1× PBS with 0.2% BSA, 0.2% cold water fish skin gelatin, 0.05% Tween-20) for 1 hr at room temperature. Slides were incubated with primary antibody overnight at room temperature and washed three times with 1× PBS containing 0.05% Tween-20 at room temperature. Secondary antibody staining was done with appropriate Alexa Fluor secondary antibodies for 1 hr at 37°C and slides were washed three times in 1× PBS containing 0.05% Tween-20 at room temperature. All antibodies were diluted in blocking buffer. Slides were mounted with coverslips using mountant (ProLong Gold, Life Technologies) containing DAPI and stored at 4°C until imaging. Antibodies and dilutions used are listed in Table S3 .
Image analysis
PAS-stained and TUNEL slides were digitized using Pannoramic Flash 250 (3DHistech) with 20×/0.8 NA air objective. Images were produced and analyzed using the Pannoramic Viewer software (3DHistech). Immunofluorescence images of testis sections were produced using an SP8 confocal microscope (Leica Microsystems) with 63×/1.4 NA oil-immersion objective. Chromosome spreads were imaged on an AX70 epifluorescent microscope (Olympus) equipped with a CoolSNAP MYO CCD camera (Photometrics) using a 100×/1.35 NA oil-immersion objective.
All histological and cytological data are representative of ≥2 biological replicates (independent mice) of similar ages. Presence/absence of developing follicles in mutant ovaries (Fig. 3d, e ) was assessed by examining ≥30 sections (spanning ≥150 µm of ovarian tissue). Quantitative data were acquired by manual scoring. For TUNEL quantification (Fig. 3c) , ≥3 testis sections (≥50 µm apart) were scored per mouse. For detection of number of foci (Fig. 5, 6) , immunofluorescence staining was adjusted to be above background level (region containing no cells) using Fiji (Schindelin et al. 2012 ) and only foci that overlapped with SYCP3 staining (axis-associated foci) were counted. Spermatocytes were staged on the basis of SYCP3 staining patterns. Statistical analyses were done using GraphPad Prism 7.
Spata22 coding region amplification and sequencing
Procedures involving commercial kits were performed according to manufacturers' instructions. Total RNA was extracted from frozen testes using the RNeasy Mini Kit (Qiagen) and the RNase-Free DNase Set (Qiagen) was used to perform an on-column DNase digestion. cDNA was synthesized from 1 µg of RNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with random primers.
Spata22 coding region was amplified from adult testis cDNA by PCR with Spata22 coding sequence amplification F and R primers using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) and 0.3 ng/µl of cDNA in GC Buffer. Manufacturer's thermocycling conditions were adapted as follows: denaturation for 10 sec, annealing for 30 sec at 65°C and extension for one min for a total of 35 cycles. PCR products were electrophoresed on a 0.8% agarose gel, bands corresponding in size to Spata22 cDNA were gel purified using QIAquick PCR Purification Kit (Qiagen) and Sanger sequenced using Spata22 seq1-seq5 primers. Primer sequences are provided in Table S2 .
Quantitative RT-PCR
Testis cDNA was obtained as described above. Procedures involving commercial kits were performed according to manufacturers' instructions. Quantitative PCR was carried out using QuantiFast SYBR Green PCR Kit (Qiagen) for detecting products on a StepOnePlus Real-Time PCR instrument (Applied Biosystems). Primer sequences are listed in Table S2 .
All reactions were done in duplicate (adult mice) or quadruplicate (12 dppold mice). The success of reactions was confirmed by analysis of amplification and melting curves. StepOne Software v2.3 was used to quantify products using the 2 -ΔΔCt method. Briefly, duplicate or quadruplicate threshold cycle (Ct) values were averaged to obtain mean Ct values and mean Ct value of Actb reactions was subtracted to obtain ΔCt values. Then ΔCt values obtained for mutants were subtracted from those obtained for wild-type or heterozygous littermates to obtain ΔΔCt values and 2 -ΔΔCt values are plotted as relative quantity values (Fig.  7c) .
Plasmid construction
Constructs were confirmed by DNA sequencing. The shani mutation was introduced into pCMV6-XL5-HsSPATA22 plasmid (Origene, cat# SC123038) by site directed mutagenesis. Wild-type and mutated Spata22 sequences were PCR amplified from pCMV6-XL5-HsSPATA22, digested with EcoRI (NEB) and BamHI (NEB), and cloned into pKH3 plasmid (Addgene) for protein expression.
Cell culture and plasmid transfection
Cells were cultivated in a 5% CO2 humidified incubator at 37°C. Human embryonic kidney cells (HEK-293, ATCC) were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (Gibco). Cell lines were regularly screened for mycoplasma contamination by DAPI staining. Plasmid transfection was performed with Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions.
Western blot analysis
Total protein extraction from testes was done, after removing the tunica albuginea, by lysing cells in RIPA buffer (Thermo Fisher Scientific) using ceramic spheres and FastPrep-24 instrument (MP Biomedicals) with two 20 sec pulses. Extracts were then sonicated for 10 min at medium power (30 sec on, 30 sec off) and centrifuged at 16,200 ×g for 10 min at 4°C. For whole cell protein extraction from HEK-293 cells, cells were lysed under native conditions by homogenization in 1× cell lysis buffer (Cell Signaling) supplemented with Complete protease inhibitor tablet (Roche), 1 mM phenylmethylsulfonyl fluoride (Sigma) and 10 µM MG-132 (Sigma), sonicated twice for 10 min each at medium power (30 sec on, 30 sec off) and centrifuged at 16,200 ×g for 10 min at 4°C.
Protein samples were supplemented with Laemmli buffer and dithiothreitol, boiled for five min and separated by SDS-PAGE on a 10% gel. Proteins were transferred onto a polyvinylidene difluoride membrane. Membranes were blocked in PBST (1× PBS with 0.05% Tween-20) supplemented with 5% non-fat milk for 1 hr at room temperature, incubated with primary antibodies in PBST supplemented with 1% non-fat milk overnight at 4°C and then incubated with appropriate secondary antibodies in PBST supplemented with 1% non-fat milk for 3 hr at room temperature. Images were acquired using a Typhoon 5 imager (Amersham Biosciences, GE Healthcare). Antibodies used are listed in Table  S3 .
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Author Contributions and Notes CP, VB, JR, EM and DJ performed research. CP, NL, GL, EM and DJ analyzed data. GL, SK, EM and DJ wrote the paper. The authors declare that they have no conflict of interest. Reagents and mouse strains are available upon request. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the regulatory standards and were approved by the Memorial Sloan Kettering Cancer Center (MSKCC) and the Commissariat à l'énergie atomique et aux énergies alternatives (CEA) Institutional Animal Care and Use Committees. Fig. 1 Mice from the ENU-induced mutant line shani have meiotic defects. a Breeding scheme. Male mice (C57BL/6J strain) were mutagenized and crossed to wild-type females (FVB/NJ strain) to produce founder (F1) males that were potential mutation carriers. Each F1 male was then crossed to wild-type females (FVB/NJ strain) to generate second generation (G2) offspring and G2 daughters were crossed back to their F1 sire to generate third-generation (G3) offspring. G3 males were screened for meiotic defects. If an F1 male was a carrier of a single autosomal recessive mutation of interest, roughly half of his G2 daughters were expected to be carriers and roughly one eighth of G3 males were expected to be homozygous. Un-filled shapes represent animals that are wild-type for a mutation of interest, half-filled shapes are heterozygous carriers, and filled shapes are homozygotes. b Screen results for the shani line. The F1 male was harembred to four G2 females, yielding 38 G3 males that displayed either a wild-type or shani phenotype (a′, a′′, a′′′, b′) . Due to the harem-breeding setup we were unable to determine the proportion of G3 animals birthed from any given G2 female. c Testes-to-body-weight ratios for G3 mice screened (listed in panel b). Total number of G3 mice screened (n) is indicated and shani mutants (a′, a′′, a′′′, b′) are annotated. Fig. 2 shani mice harbor a point Fig. 3 shani allele of Spata22 leads to gametogenic failure. a Periodic acid-Schiff (PAS)-stained sections of Bouin's-fixed testes from a 3-month-old Spata22 shani/shani male and a wild-type littermate. Arrows indicate post-meiotic germ cells (spermatids) and arrowheads point to spermatocytes with an apoptotic morphology (condensed and/or fragmented). In the mutant, examples are indicated of apoptotic ("Apo") tubules containing cells with apoptotic morphology and emptier-looking ("Em") tubules harboring only cells with spermatogonia-like morphology and Sertoli cells. b TUNEL assay on testis sections from mice shown in panel a. Black arrowheads point to TUNEL-positive cells (stained dark brown). c Quantification of TUNEL assays performed on testis sections of Spata22 shani/shani mutants aged 2-4 months (mos) and their wild-type or heterozygous littermates. The number of seminiferous tubules counted from each animal is indicated (n) and lines in the dot plot depict mean ± SD. d and e Paraformaldehyde (PFA)-fixed, PAS-stained ovary sections from a 2-month-old Spata22 shani/shani female and a wild-type littermate. In panels a and b, the scale bars represent 50 µm and 10 µm in the lower and higher magnification images, respectively. In panels d and e, they represent 200 µm and 50 µm, respectively.
Fig. 4 Meiotic prophase progression is impaired in Spata22 shani/shani .
Representative chromosome spreads from wild-type and Spata22 shani/shani spermatocyte nuclei assessing γH2AX (a) and SC formation (b). Prophase stages are indicated and mutant spermatocytes were classified based on SYCP3 patterns. Scale bars represent 10 µm.
Fig. 5 Spata22 shani/shani spermatocytes show precocious DMC1 loss and abnormal BLM accumulation. a, c, e
Immunostained chromosome spreads from wild-type and Spata22 shani/shani spermatocyte nuclei. Images of representative zygotene stages are presented. b, d, f Quantification of DMC1, RPA2 and BLM foci. Each point is the count from one spermatocyte and number of spermatocytes analyzed is indicated (n). Lines depict mean ± SD and the results of two-tailed Mann-Whitney tests are shown: ns is not significant (p>0.05); *p<0.05, **p<0.01, ***p<0.001. Meiotic prophase stages are as follows: late leptonema (lL), early zygonema (eZ), mid zygonema (mZ), late zygonema (lZ), early pachynema (eP) and late zygonema-like (lZ-l) in mutant. Spermatocytes were classified based on SYCP3 patterns. g Higher magnification view of immunostaining shown in e. Scale bars represent 10 µm in panels a, c, e and 2 µm in panel g.
Fig. 6 SPATA22 localization and protein levels in wild-type and Spata22 shani/shani testes.
a Representative wild-type chromosome spreads from spermatocyte nuclei. b Quantification of SPATA22 foci in wild type. Each point is the count from one spermatocyte and number of spermatocytes analyzed is indicated (n). Lines depict mean ± SD. Meiotic prophase stages are abbreviated as in Fig. 5b; mid pachynema (mP) . c SYCP3 and SPATA22 immunofluorescence on testis sections from 11-month-old Spata22 shani/shani and wild-type males. Sections containing cells with similar SYCP3 profiles are shown and DNA is stained with DAPI. d Defective SPATA22 and MEIOB localization in Spata22 shani/shani . Representative chromosome spreads with similar SYCP3 profiles are shown (late zygonema for Spata22 +/+ and cells arrested at late zygonema-like for Spata22 shani/shani ). e Western blot analysis of SPATA22 protein levels in whole-testis lysates from two 16-dpp Spata22 shani/shani and a wild-type littermate. Scale bars represent 10 µm in panels a, c, d. Fig. 7 The shani mutation causes defective splicing of Spata22 RNA. a Schematic of the wild-type Spata22 transcript (same as in Fig. 2b) showing locations of the shani mutation (asterisk) and RT-PCR primers. Boxes represent exons with coding regions shown as filled boxes and lines represent introns. Primers X F (green; spanning exon-exon junction between exons 1 and 2) and X R (green; located within exon 9) flank the Spata22 coding region, primers A F and A R (pink; located within exons 1 and 2, respectively) flank the exon-exon junction between exons 1 and 2, primers B F (fuchsia; located within exon 3) and B R (fuchsia; spanning exon-exon junction between exons 3 and 4) amplify the exon-exon junction region between exons 3 and 4, primers C F and C R (blue) are located within exon 7. b RT-PCR analysis of Spata22 in whole-testis RNA samples extracted from 3-month-old Spata22 shani/shani males, a 15-month-old Meiob -/male and wild-type or heterozygous littermates. PCR amplification was done using primers flanking the Spata22 coding region (primers X; shown in green in a) and analyzed by gel electrophoresis. Black arrows indicate amplified products. c Quantitative RT-PCR analysis of whole-testis RNA samples from 12-dpp Spata22 shani/shani and 12-dpp Spo11 -/mice. Data points represent individual mice normalized to wild-type or heterozygous littermates. Lines depict mean ± SD. Transcripts analyzed are noted along the x-axis. Three regions of Spata22 (shown in a) were analyzed: exon 1-exon 2 junction (A), exon 3-exon 4 junction (B) and internal region of exon 7 (C). d Nucleotide sequence of Spata22 mRNA spanning exon 4 and flanking regions in wild type and Spata22 shani/shani . Spata22 coding region was amplified as described in b, gel purified and products were analyzed by Sanger sequencing. Location of the shani mutation is indicated. e Predicted amino acid sequence of SPATA22 in wild type and Spata22 shani/shani . Wild-type amino acid sequence is shown in black. Exon 4 loss in mutants is predicted to result in a frameshift, alternative amino acid sequence (fuchsia) and a premature stop codon (triangle). f Western blot analysis of HA-tagged human SPATA22 constructs expressed in HEK-293 cells. Constructs carrying wild-type Spata22 coding sequence, coding sequence with the shani mutation (E!G), or an empty construct were expressed and blots probed with anti-HA antibody. Location of SPATA22-HA of wild-type length is indicated and asterisks denote non-specific bands.
